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Introduction
Carbon nanotubes (CNTs) possess a unique set of electrical and mechanical properties which have been stimulating increasing interest in their applications. [1] [2] [3] [4] [5] Structurally, CNTs can be described as a fullerene-type hemispheres. The higher curvature at these end groups compared to the sidewalls of the CNTs leads to a difference in chemical reactivity that can be exploited to selectively functionalize the ends of CNTs. 12 In addition to covalent functionalization, the properties of CNTs can be modified by deposition of metal or metal oxide particles 13 or by the non-covalent attachment of polymers 14 or small molecules. 15 These different options add another level to the structural variety of CNTs and render them a highly customizable material.
In addition to their electrical properties, CNTs possess a very high strength which can be exploited in mechanical applications. Their high aspect ratio allows them to be fabricated into ropes analogous to spinning yarns from macroscopic fibers. 16 Utilized in a different context this feature also enables the use of single CNTs as electrodes in nanoelectronic components. 17 Finally, their high surface area to mass ratio has played a major role in CNT-based applications. This is a particularly important advantage in electrocatalytic processes wherein metal catalysts are immobilized on the surface of CNTs.
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This review provides an overview of a variety of applications that are based on the unique properties of pristine as well as functionalized CNTs. The intense research on CNT applications creates a dynamic situation with new discoveries being made constantly, hence it is impossible to cover all published and noteworthy work. As a result, we highlight illustrative examples from the main areas of CNT-based applications.
CNT-based Electrodes
Several properties of CNTs make them promising candidates for use as electrodes. Besides their good conductivity, they have a high surface per mass ratio. Furthermore, they can be used in a variety of shapes -as individual nanotube electrodes, as a layer on top of an existing electrode, or as a free standing electrode without any additional support. 19 As discussed in the introduction, CNTs are known to interact with a variety of metal and metal oxide nanoparticles and can be covalently and non- Signorelli et al to suggest that CNT-based EDLCs can achieve approximately seven times higher energy densities than current activated carbon based devices.
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Capacitors based on pristine CNTs. There are several ways to produce CNT-based supercapacitors.
Pristine CNTs can be deposited onto a charge collector by electrophoretic deposition from a CNT suspension, 46 or they can be grown directly on a Ni support or a graphitic foil. 47, 48 Another method demonstrated by Futaba et al is the liquid-induced collapse of SWCNT forests to give a densified material (0.57 g cm -3 compared to 0.029 g cm -3 for as grown CNTs) that maintains a high BrunauerEmmett-Teller (BET) surface area similar to the "as grown" CNTs ( Figure 3 ). In addition to these methods it is also possible to use binders such as poly(vinylidene chloride) for EDLCs. 50 Using this latter approach a specific capacitance of 180 F/g has been obtained. 
CNT-based Electronic Components
CNTs promise to be essential parts of many future electronic components such as nanowires, transistors, and switches. Assemblies of metallic as well as semiconducting CNTs can be used to produce macroscopic devices, but methods are also being developed that allow for individual tubes to be used as nanoelectronic components.
Nanowires. The high aspect ratio and electronic transport capabilities of CNTs make them promising candidates for use in nanowires. These assertions are supported by both calculations and experimental results 61, 62 that demonstrate excellent performance even at temperatures up to 250 °C and high current densities of up to 10 9 to 10 10 A cm -2 . 63 In nanowire performance, CNTs of typical dimensions (8.6 nm 66 The contact resistance of poly(3-hexylthiophene) (P3HT) thin-film FETs produced using spray-coated CNT array contacts was found to be similar to devices using Au bottom contacts. For pentacene-based transistors the CNT array contact resistance was found to be lower than that of the corresponding Au contacts. 66 In addition to deposition by spray-coating, CNT arrays can also be applied by spin-coating of CNTs that were previously dispersed in water by wrapping with poly(4-styrene sulfonate) (PSS). Pentacene FETs, so created, displayed field-effect mobilities that were four times higher than analogous FETs with Au bottom contacts. led to the development of CNT-based sensors (vide infra). 69, 70 In an early example, Tans et al were able
to fabricate a back-gated FET based on an individual semiconducting SWCNT that spanned the gap 71 One challenge for early SWCNT FETs was the contact resistance at the interface between the CNTs and the metal electrodes, which limited the conductance in the "on" state. This problem was overcome by using Pd to contact the CNTs, as this material exhibits stronger interactions with the nanotubes. The resulting FETs have been shown to behave as ohmically contacted ballistic conductors when in the "on" state. 72 In order to fabricate more complex devices it is necessary to employ methods to create arrays of individual CNT-based devices.
Franklin et al demonstrated that arrays can be produced by catalytically growing SWCNTs between Mo contacts upon which catalyst particles had been deposited. 73 The yield of contacts that are bridged by individual SWCNTs was up to 30 % with a majority of the CNTs having the prerequisite semiconducting properties to produce high quality FETs.
Other uses of CNTs in electronic components. CNTs can be used as other active electronic components, including bistable molecular switches. Many examples of molecular switches have been demonstrated 74, 75 but in order to incorporate these switches into individually addressable electronic circuits, efficient contacts to discrete devices are necessary. CNTs are good candidates for this purpose because they provide good conductivity on the nanoscale and can also be attached covalently to molecular switching units. Recent theoretical studies suggest the feasibility of this concept for optically as well as nanomechanically induced switching mechanisms. [76] [77] [78] A particularly interesting application of CNTs has been demonstrated by Jensen et al., 79 wherein they describe a radio receiver based on a single MWCNT. In their setup, the MWCNT simultaneously acts as the antenna, tuner, amplifier, and demodulator -functions that are usually performed by individual components. The field emission from the tip of the MWCNTs in an electric field was monitored. When a radio signal, tuned to the resonance frequency of the MWCNTs, was broadcasted, the CNTs vibrate and the field emission changed as a function of the modulation of the radio signal ( Figure 4 ). By connecting a sensitive speaker to this device, transmitted songs could be easily recognized by the human ear. 
Catalysis
Because of their conductivity, high surface area, and facile functionalization to give catalytically active sites, CNTs are promising candidates for catalysis. One important aspect that needs to be considered in this context is the purity of the CNTs. Commercial CNTs usually contain residual metal catalyst particles from the synthesis and typical washing procedures such as the use of nitric acid at elevated temperatures cannot always completely remove these impurities. 80 Purity is especially important in cases wherein electrocatalytic activity is attributed to pristine CNTs, because metal impurities can contribute toward the observed catalytic behavior.
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Fuel cells. In the interest of developing clean, sustainable, and mobile power sources, much attention has been focused on proton exchange membrane fuel cells (PEMFCs) in general, and direct methanol fuel cells (DMFCs) in particular. [82] [83] [84] [85] One limitation of these fuel cells is the high cost of the Pt catalyst.
By depositing catalyst nanoparticles on the surface of CNTs with high active surface areas reduced 88 An alternative is the electrodeposition of the metal catalyst onto pristine CNTs. 86 Although the use of CNT/Pt composites reduces the required amount of the noble metal, it is still desirable to replace it with a more earth-abundant alternative. The use of covalent linkages has been demonstrated in MWCNT materials containing cobalt porphyrins and these materials have superior oxygen reduction performance as compared to other related systems. 89 More recently, another alternative has been demonstrated in which nickel bisdiphosphine units are covalently attached to MWCNTs via diazonium chemistry. 84 The active nickel center is a mimic of the active site of hydrogenase enzymes and also showed excellent catalytic activity and stability.
Organic Reaction Catalysis. Metal modified SWCNTs and MWCNTs have been reported to catalyze organic reactions. The aldehyde group in prenal (3-methyl-2-butenal) has been hydrogenated using a Pt/SWCNT system yielding the unsaturated alcohol prenol (3-methyl-2-butenol) in good selectivity relative to common side products 3-methyl-butyraldehyde and 3-methyl-butanol. 90 When compared to Al 2 O 3 and SiO 2 , CNTs display superior catalytic performance as supports for Pt or Pd catalysts in the hydrogenation of o-chloronitrobenzene to o-chloroaniline. 91 Beyond the reduction of olefins and aldehydes, CNT supported group 9 and 10 metal catalysts (Pt, Rh, PtPd and PdRh) have been investigated for the hydrogenation of aromatic molecules. In the hydrogenation of toluene and naphthalene, MWCNT supported PtPd exhibited particularly high initial turnover frequencies compared to SiO 2 -Al 2 O 3 or ZrPSi supported catalysts. 18 The authors conclude that the low steric hindrance of metals adsorbed onto the external sidewall of the CNTs, as compared to the alternative supports, 97 The biocompatibility of the CNTs in this process is improved by covalently attaching pol(ethylene glycol) (PEG) chains. 98 This functionalization also increases the water solubility and thus facilitates the device fabrication. Alternatively, CNTs and enzymes can be deposited onto an electrode by successive spray-casting from the respective dispersions.
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In addition to these non-covalent immobilization methods, it has been shown that covalently crosslinked networks of CNTs and enzymes can be formed and linked to Au electrodes using electropolymerizable aniline moieties. 99 These resulting bioelectrocatalytic systems are able to oxidize glucose at a turnover rate of ca. 1025 s -1 thereby showing that the incorporation of the functionalization does not lead to degradation of the enzyme's activity.
Filters and Membranes
The interactions of the CNT surface with target molecules, in addition to the inherent porosity resulting from their tubular structure, renders them interesting materials for the formation of filters and membranes. For these applications, CNTs can be easily assembled onto a larger pore size supporting In these experiments 99% salt rejection could be achieved at flux rates of ca. 12 kg m -2 h -1 .
Functionalization of the CNT end-groups, which are the entrances to the CNT pores, can also be used to influence the transport. In an early example, Hinds et al oxidized the end groups of the membraneforming CNTs and subsequently covalently attached biotin to the terminal carboxylate groups which were then bound to streptavidin. 104 After streptavidin binding, the flux of Ru(NH 3 ) 6 3+ across the membrane was reduced by a factor of 15 showing the successful change of the transport through the pores. This approach has been extended to include functionalizing the end groups of CNTs with aliphatic groups of different chain lengths as well as anionically charged dye molecules. 105 The flux of cationic ruthenium trisbipyridine and methyl viologen was demonstrated to be significantly higher for the membranes that were functionalized with the anionic dye, as compared to those functionalized by nonpolar groups.
Although these examples are interesting for applications that require the permanent preference for the 109 polyamide, or polypropylene for structural support. 110 In these schemes SWCNTs as well as MWCNTs have been shown to exhibit excellent retention of bacteria and viruses. An additional benefit of this approach is that SWCNT-based filters exhibit high antimicrobial activity. 109 
Sensors
CNTs are widely viewed as natural sensing elements that deliver a key nanowire architecture that had been previously identified as providing high sensitivity. 111 Several aspects of CNT properties that have been discussed earlier in the context of other applications can be exploited to create sensory responses.
Specifically CNTs that are functionalized with molecular units imparting specificity can be used to make resistive or FET sensory devices. Electrical-based sensor schemes have the potential for facile integration into other electronic circuits, miniaturization, low power consumption, and low cost.
CNTs have been used in their pristine form to create sensory systems exploiting their high surface area and adsorptive properties. Alternatively, they can be functionalized with metal or metal oxide particles, coated with polymers, or covalently linked to DNA or enzymes to provide specifity. Metal and Metal Oxide Particles. Beyond being a potential contaminant in CNT-based sensing devices, the aforementioned metal oxide particles can be introduced purposefully in order to create more pronounced or more specific sensing responses. A CuO/MWCNT modified electrode showed a significantly higher current response to glucose compared to a MWCNT electrode. 13 Using a standard three electrode cell with the CuO/MWCNT electrode as the working electrode, this sensor was able to determine the glucose concentration in human blood serum samples. The response time was ca. 1 s and the sensor recovered almost completely after the measurement (≥ 95%). In another example, an
MWCNT-carrying glassy carbon electrode (GCE) was modified with a porous ZnO film. 116 This sensor was used to detect hydroxylamine with a very low detection limit of 0.12 µM and also exhibited a quick sensing response of < 3 s, as well as complete recovery. In addition to metal oxides, metal nanoparticles have been used in CNT sensors. An electrode composed of MWCNTs, gold nanoparticles, and glucose oxidase was used as an amperometric biosensor for glucose achieving a detection limit of 20 µM. In another example, an SWCNT-based FET type sensor was coated with either the electron donating polymer polyethyleneimine (PEI) or the strongly acidic polymer Nafion. 118 PEI lowered the detection limit for the oxidizing gas NO 2 from 10 -50 ppb to 100 ppt as compared to an uncoated device. The PEI coated sensor did not react to NH 3 vapor (100 ppm in air), however Nafion coatings enabled NH 3 -detection while at the same time eliminating the response to NO 2 . Other recent examples of polymer enhanced selectivity include response to DMMP and xylene isomers by wrapping SWCNTs with functionalized polythiophenes. 119, 120 In the case of xylene detection, the latter method demonstrated the ability of sophisticated molecular recognition to create differential sensory responses based solely on the isomeric composition of an analyte.
Blending MWCNTs with functionalized poly(olefin sulfone)s (POSs), polymers that degrade upon exposure to radiation, led to devices which show a 5-fold increase in conductivity when exposed to 5x10 3 rad of gamma radiation. 121 The effects were optimized by creating polymers with affinities to the MWCNTs and heavy elements (bismuth) to create enhanced gamma ray absorption. The increased DNA or other biomacromolecules can also be used to improve the performance of CNT-based sensors. Drop-casting a solution of single-stranded DNA (ss-DNA) onto an SWCNT FET sensor increased its response to several vapors including methanol, trimethylamine, and DMMP. 10 Furthermore, ss-DNA-modified SWCNTs can be used to electrochemically detect the hybridization with a target ss-DNA strand. 122 The polysaccharide chitosan was used to wrap MWCNTs and provided functional groups for the attachment of glucose dehydrogenase to create a glucose sensor. 123 Enzymes can also be incorporated in sensors by drop-casting directly onto an SWCNT electrode and subsequent coating with a nafion layer. 124 Another fabrication method for creating a biocomposite electrode is the mixing of tyrosinase, epoxy resin, and MWCNTs and subsequent curing at 40 °C for one week. 125 Using this electrode, catechol could be detected at a detection limit of 0.01 mM, a value about half of that obtainable with an analogous graphite sensor.
Non-covalent Attachment of Small Molecules. The non-covalent interactions of small molecules with the SWCNT surface have been used to provide functionality to increase sensor selectivity. An early approach involved sensors created by depositing hematoxylin onto an MWCNT-modified GCE. 37 Utilizing differential pulse voltammetry (DPV), the resulting electrode could be used to detect adrenaline with good sensitivity and selectivity over adrenalin, ascorbic acid, and uric acid.
As a result of the strong interaction with the π network of the CNT surface and pyrene, this group has been widely used for the non-covalent attachment of functional groups to CNTs. Chen et al exploited this by incubating CNTs in a solution of 1-pyrenebutanoic acid succinimidyl ester to create a precursor to biological functionalization. Subsequently, they immobilized various proteins on the CNT by reaction of the succinimidyl ester with amine groups (Figure 6 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 This method has further been utilized to incorporate glucose oxidase into an SWCNT sensor. 126 The same pyrene linker was reacted with a functionalized aniline to bind hexafluoroisopropanol (HFIP) to SWCNTs. 127 FET-type sensors based on these modified SWCNTs showed a very low detection limit of 50 ppb for the nerve agent mimic DMMP, as well as good selectivity over other chemical vapors such as ethanol, water, toluene, or hexane.
Chemical Modification. Another possibility for the connection of sensing units onto CNTs is to use covalent attachment of functional groups. Due to its simplicity, the oxidation of CNTs to yield carboxylic acid groups has been the dominant method for this purpose. The carboxylic acid groups can be used to attach oligonucleotides via carbodiimide chemistry. 12, 128 By combining electrodes obtained in this fashion with Ru(bpy) 3 2+ mediated guanine oxidation, Li et al achieved detection limits of only a few attomoles in a DNA sensor. 12 The same strategy can also be used to attach the enzyme glucose oxidase for the detection of glucose. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 
Biomedical Applications
With the development of covalent 130 and non-covalent 131 methods to achieve water soluble CNTs as well as procedures to attach biomolecules to CNTs, 10 the development of biomedical applications of CNTs became possible. 132 An interesting field in this context is the use of CNTs for bioelectronic applications. The Kotov group demonstrated that it is possible to grow neuronal cells on an SWCNTbased lbl film and subsequently excite the cells by passing a current through the CNT network. 133 While a synthetic polymer (poly(acrylic acid)) was used for the anionic layers in this example, it is also possible to fabricate multilayer films using poly(styrene sulfonate) wrapped SWCNTs and laminin, a component of the human extracellular matrix. 134 Neural networks could be grown and electrically excited on this substrate. The interfacing of CNTs and neural cells can be an important step toward the development of bioelectronic components such as neural prosthetic devices. Nevertheless, other challenges have to be overcome on the way to real-world applications. One such challenge is the formation of CNT-based nerve mimics that contain a sufficiently high density of separately addressable conductive channels. One way to achieve this is by repeatedly drawing and bundling CNT-filled glass fibers. 135 Starting from a single channel with a diameter of 150 µm after the first draw, a bundle of 19600 channels with an individual channel diameter of 0.39 µm was obtained after three drawing and bundling cycles. The process also improves the CNT alignment inside the channels resulting in an increased conductivity after each drawing step. The conductivity is however still low (1.21 x 10 -4 S/m) compared to other CNT-based electronic components and it would be desirable to increase this value.
Another field of research in the context of CNT-based biomedical applications is the use of CNTs for therapeutic applications. Several examples have been reported such as the CNT-assisted delivery of platinum anticancer drugs 136 or as molecular transporters for human T cells. 137 Even though the cytotoxicity of the CNTs was tested and shown to be low in both studies, the toxicity of CNTs remains a complex question and might limit their use in biomedical applications. 138 
Mechanical Applications
As a result of their covalent carbon networks, CNTs are exceptionally strong materials and exhibit
Young's moduli on the order of 1 TPa for SWCNTs and low defect density MWCNTs grown by arcdischarge.
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High Strength Applications. CNTs strongly interact with each other via van der Waals forces and unless specially treated after their synthesis, they form bundles. Separating these bundles can be a challenge when individual CNTs are desired. In high strength applications, however, these bundles or ropes allow for the realization of the CNT mechanical properties on a macroscopic scale. By manipulating ropes consisting of tens to hundreds of SWCNTs with an atomic force microscope tip (AFM tip), the tensile strength of these bundles has been determined to be on the order of 45 GPa. 141 The synthesis of CNTs can be optimized to achieve ropes of macroscopic dimensions. Zhu et al fabricated SWCNT strands with lengths up to several centimeters by catalytic pyrolysis of n-hexane. were several centimeters wide and one meter long. 143 These hydrophobic sheets could support water droplets with a mass that was approximately 50,000 higher than the mass of the area of the MWCNT sheet they contacted.
CNT-containing Actuators. CNTs in pristine form or in combination with polymers have been fabricated into electromechanical actuators. In these actuators, a voltage is applied to CNTs immersed in an electrolyte and the charge injected into the CNTs is compensated by the formation of a double-layer.
At low charge injection, this results in expansion of the material for electron injection and contraction for hole injection. In an early example, Baughman et al demonstrated this effect using sheets of SWCNTs that were immersed in NaCl solutions as well as other electrolytes. 144 Higher strain rates and amplitudes could be achieved by using resistance compensation. 145 Based on the same principle, a ply actuator has been demonstrated by forming a layered material of CNTs and an epoxy film. 146 CNTs can also be used in Nafion-based actuators wherein an applied voltage causes swelling, because the induced charge is compensated by uptake of ions from a surrounding electrolyte. Landi et al demonstrated that
Nafion composites with high purity SWCNTs showed actuation with CNT contents as low as 0.5% w/w, which is an indication of the high conductivity and large aspect ratio of the CNTs. 
Challenges for Applications of CNTs
CNTs are good candidates for a variety of applications. Nevertheless, there are several challenges associated with their synthesis, purification, processing and fabrication into devices. CNTs are usually synthesized by either chemical vapor deposition (CVD), 148 laser ablation 149 or arc discharge. 3 While the use of a metal catalyst in these processes can be avoided in some cases such as the arc discharge production of MWCNTs, it is required in most synthetic processes. As a result, residual metal particles 159 They observed that water activates the metal catalyst in ethylene CVD. By optimizing the water and ethylene level during the reaction, the were able to increase the SWCNT product to catalyst ratio by two orders of magnitude compared to the high-pressure carbon monoxide (HiPCO) process which led to the observed very high purities.
Optimizing the CNT synthesis conditions can lead to other advantages such as the formation of CNTs with narrow diameter distribution 160 or the preferred synthesis of metallic SWCNTs (up to 91 %).
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Besides synthesis and purification, the processing of CNTs is a key challenge on the way to functionalization results in a drastically reduced conductivity and is therefore not a viable option for many electronic applications. The development of novel methods that facilitate the processing of CNTs while having little impact on their electrical properties or providing the option to restore the conductivity in a subsequent step would therefore be desirable.
Conclusions
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